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Abstract—In this paper, we develop a resource allocation tech-
nique for a hybrid time division multiple access (TDMA) - non-
orthogonal multiple access (NOMA) system with opportunistic
time assignment. In particular, the available transmission time
is divided into several time-slots, through which multiple users
are served by exploiting power-domain NOMA. To fully exploit
underlying benefits of this hybrid TDMA-NOMA system, we
utilize the available resources efficiently by jointly allocating
transmit power and time-slots to several groups of users in the
system. Furthermore, these resources are allocated to maximize
minimum rate of the users in the system. However, this max-
min resource allocation problem is non-convex due to coupled
design parameters of time and power allocations. Hence, we
exploit a novel second-order cone formulation to overcome this
non-convexity issue and develop an iterative algorithm to realize
a solution to the original max-min problem. Simulation results
show that this joint resource allocation technique has a con-
siderable performance enhancement in terms of both minimum
achieved rate and overall system throughput compared to that
of the conventional resource allocation technique where equal
time-slots are assigned to the groups of users.
Index Terms—Non-orthogonal multiple access (NOMA), time
division multiple access (TDMA), hybrid TDMA-NOMA, re-
source allocation techniques, second-order cone programming,
sequential convex approximation (SCA).
I. INTRODUCTION
Non-orthogonal multiple access (NOMA) has been recently
proposed as a promising multiple access technique for the
fifth generation (5G) and beyond wireless networks due to
its potential benefits including superior spectral efficiency and
user fairness [1], [2]. Unlike the conventional orthogonal mul-
tiple access (OMA) schemes, such as time division multiple
access (TDMA) and orthogonal frequency division multiple
access (OFDMA), multiple users in NOMA based downlink
transmission share the same orthogonal radio resources, i.e.,
time and frequency, by exploiting power-domain multiplexing
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at the transmitter [3]. This multiplexing is referred to as su-
perposition coding (SC), in which signals intended to different
users are encoded with different power levels that are inversely
proportional to the channel strengths of the users [4], [5]. In
particular, serving multiple users simultaneously within the
same resource block through NOMA supports the proliferation
on Internet-of-Things (IoTs) by offering massive connectivity
[6]. At the receiver end, successive interference cancellation
(SIC) technique is utilized at stronger users to decode the
signals intended to the weaker users prior to decoding their
own signals [7]–[10]. However, the computational complexity
of SIC increases as the number of served users increases in
the system [11], [12].
To overcome the practical challenges of employing SIC in
dense networks, and to meet the unprecedented requirements
of future wireless networks, NOMA has been integrated with
different other technologies, including multiple-antenna tech-
niques [13]–[16] and conventional OMA schemes [17]–[23].
In a hybrid OMA-NOMA systems, the available resources
(i.e., time or frequency) are divided into several sub-resource
blocks and each sub-resource block is assigned to serve
multiple users based on NOMA [18], [20]. For example, a
hybrid TDMA-NOMA system has been considered in [18], in
which the available time for transmission is divided equally
among several groups of users (i.e., clusters), and the energy
harvesting capabilities of such system is investigated. A hybrid
OFDMA-NOMA system is considered in [20], where the
available bandwidth is divided into several sub-bandwidths,
and the available resources are allocated to maximize the
energy efficiency of the system. In [21] and [22], different
resource allocation techniques for hybrid OFDMA-NOMA
systems are developed. In fact, these combinations not only
simplify the implementation of SIC, but also offers additional
degrees of freedom by utilizing different domains to serve
multiple users. Considering the hybrid TDMA-NOMA system,
the work in the literature assume equal time assignments to
serve the available groups of users to reduce computational
burden at the receiver ends. However, this equal time as-
signments limit the performance enhancement of such a hy-
brid TDMA-NOMA system owing the fact that opportunistic
time allocations provides additional benefits to the groups of
users. Furthermore, serving each user in such hybrid TDMA-
NOMA systems to achieve reasonable throughput is one of
the key objectives of such systems. However, maximizing
overall throughput of the system degrades the performance
of individual users while compromising user-fairness in terms
of achievable rates.
Motivated by these facts, we aim to maximize the min-
imum per user rate for a single-input single-output (SISO)
hybrid TDMA-NOMA system, while satisfying the relevant
constraints on the system. This can be achieved through
developing an optimization framework to allocate the available
transmit power efficiently among users and opportunistically
assign the available time for transmission between the clusters
(i.e., groups of users). The formulated optimization problem is
non-convex in nature, and cannot be solved via available soft-
ware. Hence, we develop an iterative algorithm by exploiting
sequential convex approximation (SCA) [24]. Furthermore, a
novel form of a second-order cone (SOC) is utilized to cast
some of non-convex constraints as SOCs. Finally, we draw
a number of performance comparisons to demonstrate the
advantages of the proposed hybrid NOMA-TDMA technique
over the conventional schemes with equal time allocations.
The remainder of the paper is organized as follows. Section
II describes the system model of a hybrid TDMA-NOMA
system and formulates the max-min resource allocation prob-
lem. In Section III, the developed joint resource allocation
technique is presented with technical details, whereas Section
IV provides simulation results and discussions. Finally, Section
V concludes the paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model
We consider a downlink transmission of a multi-user SISO
hybrid TDMA-NOMA system, as shown in Fig. 1. In this
hybrid system, a base station (BS) with single-antenna com-
municates with K single-antenna users. All K users are
grouped into C clusters and a time-slot ti, ∀i = 1, 2, ..., C,
is assigned to serve the ith cluster (Gi). In particular, the
available transmission time (T ) is divided into C sub-time
slots, as shown in Fig. 2, such that T =
∑C
i=1 ti. Furthermore,
the users at each sub-time slot are served based on power-
domain NOMA technique.
All K users in the system are grouped into a number of
clusters; the number of users in the ith cluster (i.e., Gi) is
denoted by Ki, ∀i ∈ C △= {1, 2, ..., C} and K =
∑C
i=1Ki.
On the other hand, uj,i represents the jth user in the ith
cluster. Note that user grouping strategy plays a crucial role
in determining the performance of the system. Therefore, we
shed some light on the proposed user grouping strategy later
on this paper.
Now, the transmitted signal from the BS during ti can be
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Fig. 1. A multi-user SISO hybrid TDMA-NOMA system.
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Fig. 2. A time-slot is assigned to serve each cluster, while the users in the
corresponding cluster exploit power-domain NOMA to communicate with the
BS.
written as follows:
xi =
Ki∑
j=1
pj,ixj,i, (1)
where xj,i and pj,i are the symbol intended to uj,i and the
corresponding power allocation, respectively. Note that the
channel coefficients between the BS and the user uj,i are
denoted by hj,i, i = 1, 2, ..., C, j = 1, 2, ...,Ki. Furthermore,
it is assumed that the BS and the users have perfect channel
state information. The received signal at uj,i can be defined
as follows [25]:
rj,i = hj,ixi + nj,i, ∀i ∈ C, ∀j ∈ Ki △= {1, 2, ...,Ki}, (2)
where nj,i denotes the additive white Gaussian noise (AWGN)
with zero-mean and variance σ2j,i dBm/Hz at receiver.
Without loss of generality, it is assumed that the users at
each cluster are ordered based on their channel strengths, such
that,
|h1,i|2 ≥ |h2,i|2 ≥ ...|hKi,i|2, ∀i ∈ C. (3)
Specifically, the SIC process is implemented at stronger users,
i.e., user uj,i performs SIC to decode and remove the signals
intended to the users from uj+1,i to uKi,i prior to decoding
its own signal, where it is assumed that SIC is implemented
perfectly without any errors in this paper. Therefore, the
received signal at uj,i after employing SIC can be expressed
as
rSICj,i = hj,ipj,ixj,i + hj,i
j−1∑
s=1
ps,ixs,i + nj,i∀i ∈ C, ∀j ∈ Ki.
(4)
The signal-to-interference and noise ratio (SINR) at which
uj,i decodes the message of weaker users ud,i, ∀d ∈ {j+1, j+
2, ...,Ki} can be written as
SINRdj,i =
|hj,i|2p2d,i
|hj,i|2
∑d−1
s=1 p
2
s,i + σ
2
j,i
,
∀i ∈ C, ∀j ∈ Ki, ∀d ∈ {j + 1, j + 2, ...,Ki}. (5)
In particular, the strong user uj,i has the capability to
perform SIC if and only if the messages intended to the weaker
users, i.e., ud,i, ∀d ∈ {j+1, j+2, ...,Ki}, are received at uj,i
with higher SINR compared to that of the users with stronger
channel conditions [13]. In fact, this can be only achieved by
including the following constraint in the design [26]:
p2K,i ≥ p2K−1,i ≥ ... ≥ p21,i, ∀i ∈ C. (6)
The above constraint in (6) is referred to as the SIC constraint
in this paper. Therefore, the SINR of uj,i can be defined as
[27]
SINRj,i = min{SINR1j,i, SINR2j,i, ..., SINRjj,i},
∀i ∈ C, ∀j ∈ Ki. (7)
Accordingly, based on the above definition, the achieved rate
at uj,i can be written as follows:
Rj,i = ti log2(1 + SINRj,i), ∀i ∈ C, ∀j ∈ Ki. (8)
The total required transmit power at the BS is
∑C
i=1
∑Ki
j=1 p
2
j,i,
which is limited by an upper bound of Pmax. The total
transmit power constraint is defined as,
Pt =
C∑
i=1
Ki∑
j=1
p2j,i ≤ Pmax. (9)
B. Problem Formulation
As we have mentioned in the introduction, user-fairness is
one of the crucial requirements for 5G and beyond wireless
networks. Hence, we aim to allocate the available resources,
i.e., time and transmit power, among the users to maintain
a user fairness in terms of the achieved rates in the hy-
brid TDMA-NOMA system. In particular, the objective is to
maximize the minimum achieved rate at the individual users.
This can be accomplished by solving the following max-min
optimization problem:
(P1) : max
pj,i,ti
min
1≤j≤Ki,1≤i≤C
Rj,i (10)
s.t. C1:
C∑
i=1
ti ≤ T, (11)
C2: Pt ≤ Pmax, (12)
C3: p2K,i ≥ p2K−1,i ≥ ... ≥ p21,i, ∀i ∈ C,
(13)
where the constraint in (11) ensures that the total allocated
time does not exceed the available time T for transmission.
Furthermore, the constraint in (13) facilitates the successful
implementation of SIC. However, additional complexity is
introduced due to the joint allocation of both the time and the
transmit power to all served users in the system. Furthermore,
the non-convex objective function makes the original problem
defined in (10) - (13) more challenging to solve. Hence, we
develop an iterative algorithm to realize the solution in the
next section.
III. PROPOSED METHODOLOGY AND SOLUTION
In this section, we firstly discuss the grouping strategy that
is considered to group the users into a number of clusters in the
hybrid TDMA-NOMA system. Next, we use approximation
techniques to transform the non-convex optimization problem
P1 into an approximated convex problem.
The grouping strategy plays a vital role in the performance
of hybrid TDMA-NOMA system. In particular, the optimal
user-grouping can be determined through an exhaustive search
among all possible user-groupings, which is not possible in
practical scenarios due to its computational complexity and the
limitations on the processing capabilities of practical systems.
SIC can be implemented successfully when the difference
between the channel strengths of users is high [28]. Therefore,
we assume that the total number of users is even and develop
a clustering algorithm that takes into account the difference
between the channel strengths of the users. Then, the grouping
strategy based on the difference of the channel strengths can
be defined as
({u1,1, u2,1}, {u1,2, u2,2}, ..., {u1,C, u2,C}) ≡(
{u1, uK}, {u2, uK−1}, ..., {uK
2
, uK
2
+1}
)
. (14)
The objective function of problem P1 is non-convex; hence,
we first introduce a new slack variable γ to approximate it into
a convex one. Based on this slack variable, problem P1 can
be reformulated equivalently as,
(P2) : max
pj,i,ti,γ
γ (15)
s.t. C1:
C∑
i=1
ti ≤ T, (16)
C2: Pt ≤ Pmax, (17)
C3: p2K,i ≥ p2K−1,i ≥ ... ≥ p21,i, ∀i ∈ C,
(18)
C4: ti log2(1 + SINRj,i) ≥ γ,
∀i ∈ C, ∀j ∈ Ki. (19)
Note that the objective function of the original optimization
problem P1 is replaced with a new single scalar slack vari-
able by using epigraph. However, this non-convex objective
function has been formulated into a constraint in (19) (i.e.,
C4) in P2. In other words, maximizing min1≤j≤Ki,1≤i≤C Rj,i
is equivalent to maximizing the slack variable γ with a new
constraint C4. However, the overall problem still remains
intractable due to the non-convex constraints C3 and C4 in
P2. In order to solve this non-convex problem, we exploit
the SCA technique, in which a set of lower bounded convex
terms are introduced to approximate the non-convex terms in
the constraints C3 and C4 [18].
We start handling the non-convexity of the constraint C4 by
introducing new slack variables αj,i and ϑj,i, such that
(1 + SINRdj,i) ≥ αj,i,∀i ∈ C,∀j ∈ Ki,∀d ∈ {j + 1, ..., Ki},
(20)
log2(1 + SINRj,i) ≥ ϑj,i,∀i ∈ C,∀j ∈ Ki,
(21)
αj,i ≥ 2
ϑj,i ,∀i ∈ C,∀j ∈ Ki,
(22)
tiϑj,i ≥ γ,∀i ∈ C,∀j ∈ Ki,
(23)
where the constraint in (22) is convex. Next, to address
the non-convexity issue of the constraint in (20), we firstly
introduce another slack variable ηj,i, such that
|hj,i|2p2d,i
|hj,i|2
∑d−1
s=1 p
2
s,i + σ
2
j,i
≥ (αj,i − 1)η
2
j,i
η2j,i
,
∀i ∈ C, ∀j ∈ Ki, ∀d ∈ {j + 1, j + 2, ...,Ki}. (24)
Secondly, we decompose the above constraint in (24) into two
constraints as follows:
|hj,i|
2
p
2
d,i ≥ (αj,i−1)η
2
j,i,∀i∈C,∀j∈Ki,∀d∈{j+1, j+2, ..., Ki},
(25)
|hj,i|
2
d−1∑
s=1
p
2
s,i + σ
2
j,i ≤ η
2
j,i,∀i∈C,∀j∈Ki,∀d∈{j+1, j+2, ..., Ki}.
(26)
Then, we exploit the first-order Taylor series to approximate
both sides of (25) with linear convex terms, such that
|hj,i|2
(
p2d,i
(t)
+ 2p
(t)
d,i(pd,i − p(t)d,i)
)
≥ η2j,i
(t)
(
α
(t)
j,i − 1
)
+ 2
(
α
(t)
j,i − 1
)
η
(t)
j,i
(
ηj,i − ηj,i(t)
)
+ ηj,i
2(t)
(
αj,i − αj,i(t)
)
,
∀i ∈ C, ∀j ∈ Ki, ∀d ∈ {j + 1, j + 2, ...,Ki},
(27)
where p
(t)
d,i, ηj,i
(t) and α
(t)
j,i represent the approximations
of pd,i, ηj,i and αj,i at the tth iteration, respectively. The
constraint in (26) can be rewritten as follows using SOC [29],
[30]:∥∥∥|hj,i|p1,i, |hj,i|p2,i, ..., |hj,i|pd−1,i, σj,i
∥∥∥ ≤ ηj,i,
∀i ∈ C, ∀j ∈ Ki, ∀d ∈ {j + 1, j + 2, ...,Ki}. (28)
Based on the above multiple slack variables αj,i and ηj,i,
the constraint in (20) can be approximated with the convex
constraints in (27) and (28).
We address the non-convexity issue of the constraint in (23)
by formulating it as the following SOC constraint [29], [30]:
ti + ϑj,i ≥
∥∥∥ 2
√
γ
ti − ϑj,i
∥∥∥, ∀i ∈ C, ∀j ∈ Ki. (29)
TABLE I
MAX-MIN JOINT RESOURCE ALLOCATION ALGORITHM.
Algorithm: Solving Max-min Joint Resource Allocation Problem.
1:Group the users into clusters based on the grouping strategy
defined in (14),
2: Initialize: Set the parameters Γ(0),
3: Repeat
4:
∣∣ Solve the problem P3 in (31) - (34),
5:
∣∣ Update all parameters Γ(n) based on (18),(22),(27),(28),(29),
6: Until |γ∗(n+1)−γ∗(n)| ≤ ǫ, where ǫ is a predefined error tolerance
threshold.
Furthermore, each non-convex term in C3 can be approximated
by a lower bounded convex term using the first-order Taylor
series expansion,
p2K,i ≥ p2K,i
(t)
+ 2pK,i
(t)(pK,i − pK,i(t)), ∀i ∈ C. (30)
Therefore, the original non-convex optimization problem P1
can be approximated by the following convex optimization
problem:
(P3) : max
Γ
γ (31)
s.t. C1:
C∑
i=1
ti ≤ T, (32)
C2:
C∑
i=1
Ki∑
j=1
p2j,i ≤ Pmax, (33)
C3: (18), (22), (27), (28), (29), (34)
where Γ consists of all the optimization variables, such that
Γ = {pj,i, ti, γ, αj,i, ϑj,i, ηj,i}, ∀i ∈ C, ∀j ∈ Ki. It is worth
pointing out that the solution of P1 is obtained iteratively,
such that the approximated convex optimization problem P3 is
solved at each iteration. In particular, this requires appropriate
selection of the initial variables, i.e., Γ(0). These initial values
can be chosen by defining random power allocations p
(0)
j,i that
fulfills the maximum power constraint in (9). Then, the cor-
responding slack variables are evaluated by substituting these
power allocations in (27) and (28). The solutions obtained
in each iteration are used as initial points for the Taylor
series approximation to the next iteration. In fact, the iterative
algorithm keeps improving the solutions at each iteration until
the difference between two consecutive objective values is less
than a pre-defined threshold, ǫ, (i.e., |γ∗(n+1) − γ∗(n)| ≤ ǫ).
The proposed iterative algorithm is summarized in Table I.
IV. SIMULATION RESULTS
To evaluate the performance of the proposed hybrid TDMA-
NOMA scheme with opportunistic time allocations, we com-
pare its performance with that of the conventional scheme with
equal time allocations. In simulations, the users are uniformly
distributed over a circle with a radius of 50 meters around the
BS, and the minimum distance is selected such that d0 = 1
meters. The corresponding channel gain is |hj,i|2 = β(dj,i/d0)κ ,
where dj,i is the distance between uj,i and the BS, measured
in meters and β = −30 dB is the signal attenuation at d0,
and κ = 2 is the path-loss exponent. We consider ten users
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Fig. 3. The achieved minimum rate versus different total transmit power.
(K = 10) divided into five clusters (C = 5); accordingly, each
cluster consists of two users. The noise variance at each user
is assumed to be -100 dBm/Hz (σ2j,i = −100). Furthermore,
we use the CVX software to solve the convex problems in this
work [31].
Now, we compare the performance of the hybrid TDMA-
NOMA with the opportunistic time allocations versus that of
the conventional schemes with equal time allocation in Table
II and III. As seen in Table II, the proposed opportunistic
time allocations based hybrid TDMA-NOMA outperforms the
conventional scheme with equal time allocations in terms of
minimum achieved rate. In particular, the opportunistic time
allocations provides improvement to the overall system perfor-
mance. Furthermore, Table III presents the power allocations
of all users in the system for both schemes: with opportunistic
and equal time allocations.
Next, Fig. 3 depicts the performance of these schemes in
terms of the minimum achieved rate for different transmission
power Pmax. Simulation results confirm that the proposed
scheme with opportunistic time allocation outperforms the
scheme with equal time allocation in terms of the minimum
achieved rate.
Finally, we present simulation results to validate the con-
vergence of the proposed algorithm in Fig. 4. Five different
channels are considered, and as seen in Fig. 4, the proposed
algorithm converges within a few number of iterations.
V. CONCLUSION
In this paper, we have studied the max-min joint resource
allocation problem of a SISO hybrid TDMA-NOMA system.
Specifically, the available transmission time is divided into
several time-slots and power-domain NOMA is exploited to
serve multiple users within a cluster. However, the formulated
max-min optimization problem is non-convex in nature. To
cope with this challenge, we develop an iterative algorithm by
exploiting SCA and a novel form of a SOC formulation to
realize a solution to the original problem. Simulation results
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Fig. 4. The convergence of the SCA algorithm for five different channels.
demonstrate that the proposed hybrid TDMA-NOMA system
outperforms the conventional resource allocations with equal
time assignment in terms of the minimum achieved rate and
overall system throughput.
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TABLE II
POWER ALLOCATIONS FOR EACH USER IN THE HYBRID TDMA-NOMA THROUGH THE PROPOSED OPPORTUNISTIC TIME ALLOCATIONS AND THE
CONVENTIONAL EQUAL TIME ONE.
Scheme with opportunistic time allocations Scheme with equal time allocations
p1,1 p2,1 p1,2 p2,2 p1,3 p2,3 p1,4 p2,4 p1,5 p2,5 p1,1 p2,1 p1,2 p2,2 p1,3 p2,3 p1,4 p2,4 p1,5 p2,5
0.081 1.483 0.098 1.462 0.122 1.414 0.179 1.330 0.256 1.330 0.057 1.407 0.071 1.407 0.092 1.407 0.141 1.407 0.264 1.407
0.120 1.409 0.178 1.391 0.266 1.391 0.273 1.391 0.301 1.391 0.079 1.397 0.126 1.397 0.243 1.397 0.253 1.397 0.302 1.397
0.144 1.386 0.188 1.386 0.243 1.386 0.370 1.386 0.383 1.386 0.089 1.384 0.125 1.384 0.177 1.384 0.420 1.384 0.439 1.384
0.034 1.572 0.036 1.523 0.091 1.306 0.121 1.306 0.253 1.306 0.023 1.409 0.023 1.409 0.053 1.409 0.079 1.409 0.263 1.409
0.074 1.410 0.105 1.410 0.123 1.410 0.127 1.410 0.160 1.410 0.040 1.410 0.072 1.410 0.097 1.410 0.102 1.410 0.160 1.410
TABLE III
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